Electrocatalysts perform a key role in increasing efficiency of the oxygen reduction reaction (ORR) and as a result, efforts have been made by the scientific community to develop novel and cheap materials that have the capability to low overpotentials and allow the reaction to occur via a 4 electron pathway, thereby mimicking as close as possible to traditionally utilised platinum. In that context, two different types of carbon nanodots (CNDs) with amide (CND-CONH2) and carboxylic (CND-COOH) surface groups, have herein been fabricated and shown to exhibit excellent electrocatalytic activity towards the ORR in acid and basic media (0.1 M H2SO4 and 0.1 M KOH). CND surface modified carbon screen-printed electrodes allow for a facile electrode modification and enabling the study of the CNDs electrocatalytic activity towards the ORR. CND-COOH modified SPEs are found to exhibit improved ORR peak current and reduced overpotential by 21.9% and 26.3%, respectively compared to bare/unmodified SPEs. Additionally, 424 µg cm -2 CND-COOH modified SPEs in oxygenated 0.1 M KOH are found to facilitate the ORR via a near optimal 4 (3.8) electron ORR pathway. The CNDs also exhibited excellent long-term stability and tolerance with no degradation being observed in the achievable current with the ORR current returning to the baseline level within 100
Introduction
In order to address the negative consequences of anthropogenic air pollution and climate change, an impetus has developed to implement clean energy generation techniques. One such approach is the use of proton exchange membrane fuel cells (PEMFC) which utilise the oxidation of hydrogen (known as the hydrogen oxidation reaction (HOR) at the anode) and the reduction of oxygen (known as the oxygen reduction reaction (ORR) at the cathode) in order to generate an electrical current. The ORR has largest influence upon a PEMFCs efficiency, 1-3 due to the ORR having a large kinetic barrier. 4, 5 The ORR mechanism differs in acidic and basic media; in acid, the pathway occurs via an unfavourable 2 electron pathway, which results in the production of H2O2, or a 4 electron pathway, where the major product is H2O (see below). The 2 electron pathway is undesirable as the product can lead to electrode poisoning and membrane degradation that can significantly reduce a PEMFCs output.
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Acidic media: In order to increase the performance of PEMFCs, research has concentrated on developing effective, low cost and sustainable new electrocatalysts that can increase the achievable ORR peak current as well as reduce the electrochemical overpotential (less energy is required) and allow the reaction mechanism to occur via a 4 electron pathway.
Platinum (Pt), and compounds containing it, are considered the most effective catalysts for the ORR allowing the reaction mechanism to occur via a 4 electron pathway. 8, 9 This is a consequence of its low (near negligible) binding energy of adsorbates like O2 and H + .
However, the high cost and poor global distribution of platinum limit the attractiveness of its application. 10 Over the past few decades attempts have been made to develop nonprecious metal catalysts as cost effective alternatives to Pt.
There has been a plethora of potential electrocatalysts developed to meet the criteria described above. Such as non-precious metal oxides, 11, 12 nitrides, 3, 12, 13 carbides, 14, 15 transition-metal-coordinating macrocyclic compounds, 4 new 2d-nanomaterials, 5, 16, 17 and metal free heteroatoms doped carbon. [18] [19] [20] [21] Recent studies have focused on doping heteroatoms (e.g., B, N, O, P, S) into carbon based materials in order to increase the electron density near the fermi level, which induces an increase in the electropositive charge on the adjacent carbon atom, resulting in improved oxygen adsorption at the catalyst surface. [22] [23] [24] This approach increases the materials electrocatalytic activity towards the ORR (reducing the ORR overpotential and increasing the achievable current density). [25] [26] [27] [28] The approach of doping has been utilised on a plethora of carbon based materials, as summarised within Table 1 . Carbon based quantum dots are of particular interest in this field, since they have inherent benefits compared to other carbon based materials 29, 30 such as their edge-abundant morphology that conveys significant electrocatalytic activity 31 with their synthesis being facile and comparatively cheap based on a hydrothermal reaction. 29, 30, 32, 33 In the majority of studies, CNDs have been employed as electrocatalyst along with other support molecules/elements that have acted to keep the nanodots immobilised onto electrode surfaces (see table I) . 27, 32, 34, 35 Herein we describe the beneficial signal output, in regards to the ORR catalytic activity (in acidic and basic media) of CNDs synthesised using a facile technique. CND-CONH2 are fabricated with ethylene glycol and bis-(2-aminoethyl ether)-N,N,N',N'-tetraacetic acid (EGTA) as precursors 36 while CND-COOH are synthesised using glucose as a precursor. 37 Both novel CNDs variants are produced using a facile fabrication technique, which mitigates the need for expensive precursors in order to dope CNDs with heteroatoms. No other materials, apart from CNDs, have been used to modify the SPEs utilised herein, with physical adsorption of the CNDs on the electrodes surface as a result of the relative roughness of the SPEs surface.
Thus, this work presents a novel approach at producing cost effective alternatives to Pt as electrode materials for the ORR.
Experimental

Chemicals
All the chemicals used within this study were of an analytical grade and were utilised as received from Sigma-Aldrich without any further purification. All solutions were prepared with deionised water of resistivity not less than 18.2 MΩ cm.
CND-CONH2 and CND-COOH Fabrication
The CNDs have been synthesised according to the techniques reported by Peng et al. 37 and Ahmed et al. 36 for the CND-COOH and CND-CONH2, respectively. In the case of CND-COOH, 2.0 g of glucose was dissolved in 5 mL of Milli Q water. 8 mL of concentrated H2SO4 was added under vigorous stirring allowing the reaction to occur for 40 minutes. Following that, 40 mL of water were added where a black carbonaceous powder was produced. The product is separated via centrifugation (5000 rpm 10 minutes), disposing of the supernatant solution and washing with Milli Q water, repeating the process 4 times. The resulting carbon powder was dispersed in 50 mL of HNO3 solution (2.0 M) and sonicated for 30 minutes. The generated suspension was refluxed for 12 hrs.
After that, the mixture was distilled until the final volume of the suspension was 20 mL.
After cooling to room temperature, the solution was neutralised by adding 20% Na2CO3
solution. The carboxylic carbon nanodots (CND-COOH) obtained were dialysed for three days using 3.5 kD dialysis membrane (Sigma PUR-A-LYZERTM MEGA 3500)). In the case of the CND-CONH2 preparation: 0.8 g of EGTA were dissolved in 30 mL of distilled water generating an acidic white suspension solution. Following that, 1.0 g of solid Tris was added to the previous solution, producing a clear and pH neutral solution. The solution was heated at 150 °C until near dryness at which a pale yellow gel was formed.
Then, 1 mL of water was added and the previous procedure was repeated 5 times in about 30 minutes. The temperature was then increased to 180 °C. The heating continued until the pale yellow gel turned to reddish-orange, indicating the formation of the C-dots. The gel was then dissolved in 25 mL distilled water, filtered through 0.45 μm nylon filter and the solution was purified by dialysis through dialyzer tube (MWCO, 3.5 KDa) for one day. The carbon nanodot final solutions were stored under 4 °C until use. The CNDs underwent a complete physicochemical characterization, which is described within the Results and Discussion Section. For specific details on the equipment utilised for the characterisation of the CNDs variants, readers are directed towards the ESI.
Electrochemical Measurements
Voltammetric measurements were performed using an Autolab PGSTAT TYPE III (Metrohm Autolab, The Netherlands) potentiostat using the software package NOVA 1.11. Electrochemical impedance spectroscopy was performed using an Ivium
Compactstat™ (Netherlands) potentiostat. All measurements were conducted, using a conventional three-electrode system utilizing a Saturated Calomel electrode (SCE) and a platinum wire as a reference and counter electrode, respectively. The working electrode was a screen-printed graphite electrode (SPE) (modified with the appropriate amount of CNDs). The SPEs have a 3 mm diameter working electrode and they were fabricated inhouse with the appropriate stencils using a DEK 248 screen-printing machine (DEK, Weymouth, U.K.). 38 These fabrication technique, by which, these SPEs are produced, has been meticulously detailed in previous studies. [39] [40] [41] [42] [43] [44] CNDs modified electrodes were prepared by drop-casting aliquots of the desired CNDs solution onto the required working electrode with a micropipette. After 30 minutes, the solvent completely evaporated (at ambient temperature) and the modified electrodes were then ready for use. For ORR measurements, 0.1 M H2SO4 and 0.1 M KOH solutions saturated with O2 were used. The solutions were subject to rigorous bubbling of 100% medicinal grade oxygen through 50 mL of the solution for 60 minutes (resulting in a 0.9 mM concentration of oxygen), assuming this to be a completely saturated solution at room temperature as described by Gara. 45 Where the ORR onset potentials are denoted within the manuscript, note that this is defined as the potential at which the current initially deviates from the background current by a value of 25 µA cm -2 , thus signifying the commencement of the Faradaic current associated with the ORR redox reaction.
Results and discussion
Physicochemical characterization of the CND-CONH2 and CND-COOH
Independent physicochemical characterisation was performed on the synthesised CND-CONH2 and CND-COOH using Fourier transform infrared spectroscopy (FT-IR), dynamic light scattering (DLS) and X-ray photoelectron spectroscopy (XPS). Confocal
Raman Spectroscopy, using a laser of 532 nm, was performed on the samples, however it was not possible to obtain some adequate spectra as a consequence of the intrinsic fluorescence properties of both CNDs types (data not shown). The size distribution of CND-CONH2 obtained by measuring the average size of around 100 CDs by DLS (see Figure S1 ) indicates that these nanoparticles have an average size of 3.4 nm ranging from 2 to 5 nm in diameter. In the case of CND-COOH, they have an average size of 2.2 nm ranging from 1.9 to 3.2 nm. This size is supported using TEM analysis (See Figure S2) where a visual assessment indicates the CNDs are between 1-4 nm in diameter. Note, it is difficult to obtain clear TEM images of the individual CNDs due to their small size.
The FT-IR spectra presented in Figure S3 confirms the presence of carboxyl and amide groups on the surface of the CND-COOH 37 , and CND-CONH2, 36 respectively. More details regarding the FT-IR spectrum are described in the ESI. The results of XPS analysis are presented in Table S1 and Figure S4 . The atomic concentrations for the CND-COOH and CND-CONH2 presented in Table S1 show that there is a higher concentration of oxygen atom for the CND-COOH compared to the CND-CONH2. This is to be expected as a consequence of the carboxylic (also hydroxyl) groups generated over the carbon nanodots surface as a consequence of it treatment in nitric acid. In the case of Figure S5 , however it proved difficult to distinguish between the CNDs and the binder utilised in the SPE production due to the small size of the CNDs which results in a visual distinction between the CNDs modified and bare/unmodified SPEs being unfeasible.
Electrochemical Activity of the CND-COOH and CND-CONH2 towards the ORR
The CND-COOH and CND-CONH2 were fabricated via the methodology described within the Experimental Section, and CNDs are fully characterised in the section above.
The ORR electrocatalytic activity of the CND-COOH and CND-CONH2 was subsequently evaluated. mass coverages of SPEs, there is a significant increase in the observed ORR electrocatalytic activity (except for CND-CONH2 in an acidic media, with regards to the achievable current, as it is observed to cause a decrease in magnitude of current density at all of the mass coverages explored).
The ORR mechanism
The results presented above show that upon the addition of CND-COOH or CND-CONH2
to the surface of an SPE (within acidic or basic media) there is a beneficial ORR signal output. It is therefore essential to assess the ORR mechanism occurring at each of the modified surfaces. Tafel analysis is a common approach employed to deduce the number of electrons involved in the ORR electrochemical mechanism. 46 For a full description of how Tafel analysis was performed, interested readers are directed towards the supporting information and Figure S7 . Using the Tafel method, the number of electrons involved in the ORR mechanism of Pt, a bare/unmodified SPE and SPEs modified with 21, 42, 106, 212 and 424 µg cm -2 of CND-COOH or CND-CONH2 were deduced and presented in Table 2 . As expected the ORR mechanism (in both acidic and basic media) for an Pt electrode occurs via the desirable 4 electron pathway (O2 product), whereas the SPE causes the ORR to occur via the detrimental 2 electron pathway (H2O2 product). In acid media, both CNDs, at all masses of SPE coverage, have a 2 electron pathway ORR mechanism, where H2O2 is the major reaction product. Table 2 shows that, in a basic electrolyte all of the SPEs modified with CND-CONH2 had a ORR mechanism involving 
It is clear that both the CND-COOH or CND-CONH2 modified SPE have an initial
increase in their relative current output, likely a result of the activation of both materials in a basic media, until at 2 hours a maximum output is achieved after which there is a gradual decrease in current until 5 hours, this demonstrates the high stability of the two types of carbon nanodots when employed as oxygen reduction electrocatalyst. Note that previous studies have shown the surface of an SPE to be considerably rougher than more traditional carbon based electrodes, 5 this surface roughness may allow of an anchoring effect for the CNDs, thereby preventing their dissolution into the electrolyte and meaning that the utilization of polymers such as Nafion, which are typically used to anchor the CNDs, are not necessary to retain the CNDs on the SPEs surface. 34 Another consideration is the resistance of the CND-COOH and CND-CONH2 to methanol poisoning, which has been shown to considerably reduce the ORR activity of platinum based electrocatalysts, the results of which can be observed in Figure S8 (B). From inspection of this figure it is clear that upon the additional of a 1.5 M methanol into a O2 saturated 0.1 M KOH cell (at 700 and again at 1200 seconds) there was an increase of ca. 25% in the relative, but both the CND-COOH and CND-CONH2 modified SPEs current returned to the baseline level within ca. 100 seconds. These results indicate that both the unique electrocatalysts explored herein exhibit remarkable methanol tolerance for ORR compared to traditional Pt catalyst in alkaline medium.
Electrochemical impedance spectroscopy (EIS) was next utilised in order to determine the impedance of the electrode system as the mass coverage of CND-COOH and CND-CONH2 altered. is the application of CND-COOH in a basic electrolyte, as it is shown above to allow the ORR mechanism to occur via a desirable 4-electron pathway, whilst also displaying remarkable stability, in regards to current output, and methanol tolerance.
Conclusions
We 
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Characterisation Equipment Specifications
DLS analysis was carried out at 25 ºC with a VASCO particle size analyzer from Cordouan Technologies. XPS measures were carried out with AXIS Supra XPS photoelectron spectrometer using an Al (1486.6 eV) X-ray source operating at 300 W for survey scans and 450 W for narrow scans. Al X-rays were monochromated using a 500 Scanning electron microscopy (SEM) images were obtained using a JEOL JSM-5600LV model. Raman spectroscopy was performed using a 'Renishaw InVia' spectrometer with a confocal microscope (x20 objective) spectrometer with an argon laser (514.3 nm excitation) at a very low laser power level (1.2 mW) to avoid any heating effects. Spectra were recorded using a 10-second exposure time for 3 accumulations.
Physicochemical characterization of the CND-CONH2 and CND-COOH
The FT-IR spectrum for the CND-COOH is presented in Figure S2A , Table S1 shows that there is an unexpected high atomic concentration of sodium, it is likely the case that this has arose due to lab contamination or an impurity within the stock CND leading to sodium residues being detected.
A high resolution structure XPS analysis was performed, focusing on the C 1s, N 1s and O 1s regions of both CNDs variants. The results of which are viewable in Figure S4 . The CND-COOH high resolution analysis for the C 1s region (see Figure S4 eV, these correlate to the C=O, C-O and O-H groups previously reported by Bai et al. 56 .
In the case of CND-CONH2 the C 1s region (see Figure S4 can be assigned to C=O band 56 .
Tafel analysis of the ORR mechanism
Using the following equation:
, where the slope of the ln(I) vs. Ep (V) plot is δln(I)/δE (see Figure S6) , α is the electron transfer coefficient, F is the Faraday constant, n′ is the number of electrons transferred in the rate determining step, R is the gas constant and T is the temperature of the solution temperature in kelvin. 46 Literature has previously suggested that the rate determining step involving the transfer of the first electron is electrochemically irreversible resulting in n′ being 1, 59 with αn′ values for
SPEs across all masses of modification were deduced. Using these values, the number of electrons involved in the ORR reaction mechanism, n, was deduce using the αn′ where C is concentration, which is assumed for the oxygen saturated solution (0.9 mM), a literature diffusion coefficient value of 2.0 × 10 −5 cm 2 s −1 is assumed in the case of acid media, 61 and A is the geometric area of the electrode. In the case basic media (0.1 M KOH) C is 1.2 mM and a diffusion coefficient value of 1.9 × 10 −5 cm 2 s −1 .
33 Table S1 . XPS results of COOH-CNDs and CONH2-CNDs. 
